axonal varicosities; the released GABA binds to synaptic GABA A Rs in the somatodendritic domain of the postsynaptic cell, producing a prototypical GABAergic postsynaptic current. Concomitantly, the released GABA also binds to presynaptic, or axonal, GABA A Rs, producing an autoreceptor (autoR) current that backpropagates to the soma. AutoR currents can be distinguished from autaptic currents by their slower kinetics and different developmental expression Marty, 1999, 1998) . In summary, in MLIs the same GABA transient in the synaptic cleft is able to activate GABA A Rs located in both the post-and the presynaptic membranes and hence produces both a postsynaptic event and an autocrine, presynaptic event.
It was recently shown that autoRs can be activated by spontaneous, spike-independent release of GABA. This quantal activation of the autoRs produces a type of miniature event that can be recorded from the soma and was called "premini" (from "presynaptic autoR-mediated miniature current"; Trigo et al., 2010) . Preminis represent the activation of autoRs by the GABA released from spontaneous vesicular fusion events. Surprisingly, the frequency of preminis is higher than that of classical, with osmolality adjusted to 300 mOsm kg 1 H 2 O and pH set at 7.4 by the continuous bubbling of a mixture of 5% CO 2 and 95% O 2 .
Electrophysiology
MLIs were visualized under a microscope with a 63×/0.9-NA waterdipping objective (Axio Scope; Carl Zeiss) and recorded with the patch technique under the whole-cell configuration, both in voltage and current clamp, with an amplifier (EPC 10; HEKA). The composition of the internal solution (IS) used for the high [Cl  ] i experiments was as follows (mM): 90 KCl, 50 HEPES, 0.5 MgCl 2 , 4.25 CaCl 2 , 5 Na 2 ATP, 20 NaCl, 0.5 NaGTP, 25 KOH, 5 1-(2-nitro-4,5-dimethoxyphenyl)-N,N,N,N-tetrakis[(oxycarbonyl)methyl]-1,2-ethanediamine (DM-nitrophen), 0.08 Alexa Fluor 488 (or 594 for the experiments in Fig. 1, A and B) , and 10 GABA (to avoid washout of intracellular GABA; Bouhours et al., 2011 Recordings with SR higher than 25 MΩ were discarded. Holding potentials were usually 60 mV. MLI identification was confirmed by the observation of large (0.8-1.7-nA), unclamped Na + currents when the membrane potential was stepped from 60 to 0 mV for 2 ms (Pouzat and Marty, 1999) . Recordings were filtered at 5 kHz with a Bessel filter. Data were analyzed using routines written in Igor Pro (WaveMetrics). Most data were obtained from cells located in the proximal part of the molecular layer (basket cells); however, interneurons located in the distal molecular layer (stellate cells) were also included. Reagents were purchased from Sigma-Aldrich, and gabazine (Gbz) and tetrodotoxin (TTX) were from Abcam. (Kaplan and Ellis-Davies, 1988 ) was implemented at 405 nm. Light from a diode laser (DeepStar 405; Omicron) was focused through the 63× Zeiss objective as an 2-µm diameter spot in the objective focal plane. Laser pulse duration was 100 µs, and laser power was between 1 and 2.5 mW under the objective. The calibration of laser photolysis and additional details are given elsewhere (Trigo et al., 2009a) . Lyophilized DM-nitrophen (Synaptic Systems) was dissolved in KOH solution in a 1:4 (DM-nitrophen/K + ) proportion and stored at 20°C. The potassium salt was then added to the intracellular solution the same day of the experiment.
Photolysis

Photolysis of DM-nitrophen. Photolysis of DM-nitrophen
Illumination of the varicosity of a DM-nitrophen-loaded MLI with one laser pulse (duration: 100 µs, 0.2 µJ) produces an increase of [Ca 2+ ] i of 15 µM. This laser energy is enough to trigger the release of all the vesicles that are part of the readily releasable pool (RRP; Trigo et al., 2012) .
Upon photolysis of DM-nitrophen, two net OH ions are formed per molecule of Ca 2+ DM-nitrophen photolyzed. To buffer this pH change, 50 mM HEPES was used (see composition of IS above). Even with this high HEPES concentration, a pH change of ≈0.37 pH units is expected; in similar experimental conditions, this pH change had no effect on synaptic transmission (Trigo et al., 2012) . The number of repetitions that can be performed when intracellularly photolyzing DM-nitrophen is limited. In this work, the maximum number of repetitions were 12 and 22 with high and low [Cl  ] i solutions, respectively. This is not caused by direct photodamage with the 405-nm laser because it is not observed when photolyzing other caged compounds in the extracellular postsynaptic, somatodendritic miniature events and is modulated by subthreshold membrane fluctuations in the somatodendritic compartment (a type of analogue signaling: somatic depolarizations increase premini frequency and somatic hyperpolarizations decrease it; Trigo et al., 2010) . Although the role of the AP-dependent activation of axonal autoRs has already been addressed (Mejia-Gervacio and Marty, 2006) , the impact of spontaneous miniature axonal synaptic events remains unknown. Understanding the physiological role and the mechanisms of action of these miniature events is extremely important: in electrically compact cells like MLIs, individual somatodendritic quantal events strongly affect spiking behavior (Carter and Regehr, 2002) , suggesting that axonal preminis could also make an important contribution to the cell's activity.
To elucidate the role of AP-independent, autoRmediated synaptic events and to study the biophysical mechanisms that mediate their propagation along the axon, it is necessary to evoke the release of GABA at individual synapses in specific axonal locations. To address this issue, we developed a new approach to the study of autoRs that consists in eliciting GABA release in single identified varicosities using local calcium photolysis. This, in combination with electrophysiology, modeling, and immunohistochemistry, allowed us to provide the first quantitative description of the autoR-mediated currents and filtering of axonal synaptic events. In voltage clamp, AutoR-mediated currents displayed a marked site-to-site heterogeneity, probably reflecting variations in numbers of GABA A Rs among sites, as well as degrees of attenuation that varied accordingly to the distance of each site to the soma. In current clamp, autoR-mediated somatic signals were surprisingly large. When using physiological intracellular Cl  concentration, single-site autoR-mediated depolarizations reached several millivolts and were enhanced by activation of axonal voltagedependent Na + channels. Finally, autoR-mediated depolarizations cooperated with short somatic current injections mimicking somatodendritic excitatory postsynaptic currents over periods of time reaching several hundreds of milliseconds, often resulting in AP firing.
M A T E R I A L S A N D M E T H O D S
General procedures 11-14-d-old Sprague Dawley rats (either male or female) were used to prepare sagittal cerebellar slices following institutional guidelines. In brief, the animal was placed under deep anesthesia using isoflurane and decapitated. The cerebellar vermis was quickly removed. 200-µm-thick parasagittal slices were cut with a vibroslicer (VT1200S; Leica) in an ice-cold artificial cerebrospinal fluid and then placed in an incubating chamber for 60 min at 34°C. Thereafter, slices were kept at room temperature. The same bicarbonate-buffered saline was used as the cutting and storing solution. The composition was (mM): 115 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.3 NaH 2 PO 4 , 25 glucose, 2 CaCl 2 , 1 MgCl 2 , 5 Na-pyruvate, Goodness of fit of simulated to experimental datasets was tested with the Chi 2 test.
Slice fixation, immunofluorescence, and 3-D image analysis
Quantification of the number of varicosities in a neuron has proven to be a complicated task, mainly because of the inability to unequivocally assign a labeled site to a given neuron. To tackle this problem, we combined 3-D reconstruction of Alexa Fluor 488-filled MLIs with post-hoc immunolabeling of GABAergic varicosities using antibodies against the vesicular GABA/glycine transporter (VGAT), similar to what was reported by Fogarty et al. (2013) . To label MLIs, Alexa Fluor 488 was included in the intracellular solution used for whole-cell patch-clamp recordings. Several minutes after break-in, the recording pipette was pulled out and the slice was fixed in 0.01 M PBS and 4% PFA for 30 min, and then rinsed with 0.01 M PBS. The slices were incubated in PBS containing 0.3% Triton X-100 and 10% fetal bovine serum for 5 h at room temperature, and then at 4°C overnight with a mouse monoclonal antibody anti-VGAT (Synaptic Systems) diluted to 1/500 in PBS containing 1 mg/ml BSA. After three washes in PBS, the slices were incubated for 3 h with secondary goat antimouse IgG conjugated to Alexa Fluor 647 (Molecular Probes) diluted to 1/500 in PBS-BSA buffer. Slices were then washed and mounted between slide and coverslip using mounting medium (Fluoromont G; SouthernBiotech). Tiles of image stacks were acquired using an upright confocal microscope (LSM 710; Carl Zeiss) equipped with 63× Plan-Apochromat 63×/1.4 NA oil-objective and appropriate lasers (argon 488 and helium-neon 633 nm) and emission filters . For a detailed description of the morphology of MLIs, the recovered cells were reconstructed using semi-automated methods implemented in Vaa3D software (Peng et al., 2010) . The intensity profiles of the Alexa Fluor and VGAT signals corresponding to the voxels contained in the 3-D reconstruction were exported to be analyzed in Igor Pro. In some segments, a clear baseline was observed, normally in the initial part of the axon. These segments were used to define the intensity baseline for each reconstructed axon; otherwise, baseline was taken from segments without any VGAT labeling chosen by eye. The VGAT-labeling intensity threshold to detect a GABA varicosity was set at baseline +2 standard deviations. Furthermore, to avoid detection of spurious sites, a second criterion was used: supra-threshold intensity spots that occupied <500 linear nanometers in the longitudinal direction were also discarded.
Statistical analysis
Statistical differences between experiments were assessed with Student's t test or Kruskal-Wallis test, as appropriate. Normality of datasets was tested with the D'Agostino-Pearson test. In all cases, P < 0.05 was considered significant. Correlations were evaluated with Pearson's coefficient. Kinetic parameters of autoR-mediated synaptic currents (ASCs) were measured on the average traces obtained from all the repetitions obtained from an individual release site.  rise and  decay were estimated by fitting each of the phases with a mono-exponential function. Data are presented as mean ± SEM unless otherwise stated.
R E S U L T S
Local caged-Ca 2+ photolysis evokes ASCs from single release sites
In young MLIs, axonal varicosities are both the source and the target of GABAergic signaling. This makes the disentangling of the causal sequences of the events following the activation of axonal GABA A receptors particularly milieu, like glutamate or GABA, with the same method (Trigo et al., 2009b; this work, Fig. 8 ); rather, it may be caused by the release of oxidizing subproducts (nitrosoacetophenone; Kaplan and EllisDavies, 1988) , but the exact mechanisms remain to be explored.
Photolysis of GABA. GABA was released from 1-(4-aminobutanoyl)-4-[1,3-bis(dihydroxy-phosphoryloxy)propan-2-yloxy]-7-nitroindoline (DPNI-GABA) with the same 405-nm laser as that used for the photolysis of DM-nitrophen. DPNI-GABA was purchased from Tocris Bioscience and prepared as 25-mM stocks in a HEPES-buffered NaCl solution, with osmolality of 300 mOsm/KgH 2 O and pH 7.0. Photolysis was performed in a HEPES-buffered saline, with the following composition (mM): 128 NaCl, 4 KCl, 2.5 NaHCO 3 , 10 HEPES, 25 glucose, 5 Na-pyruvate, 2 CaCl 2 , and 1 MgCl 2 , with pH 7.4 adjusted with NaOH 1N and osmolality of 300 mOsm kg 1 H 2 O. Once the axon of the cell became clearly distinguishable with fluorescence, the perfusion was turned off to minimize the usage of the drug and DPNI-GABA was added directly to the bath. The final concentration of DPNI-GABA was quantified by spectrophotometry with a NanoDrop 1000 (Thermo Fisher Scientific); the absorption coefficient used to calculate the concentration was 4,229 M 1 cm 1 at 355 nm (Trigo et al., 2009b) . Bath concentrations of DPNI-GABA ranged from 0.62 to 1.89 mM; the mean was 1.37 ± 0.16 mM (mean ± SEM; n = 10 samples). Photolysis was performed at least 5 min after the addition of the drug to allow equilibration in the solution; the duration of laser pulse was between 0.3 and 1 ms, and the power was between 1 and 2.5 mW under the objective. was detected with an electron-multiplying CCD camera (Andor Technology; filters from Chroma Technology Corp.). The second channel of the lamp house was used to connect the optic fiber coming from the photolysis laser. After each experiment, a series of epifluorescence images was taken to perform morphological reconstructions and to measure the distance between the release sites and the soma. ImageJ (National Institutes of Health) was used to make the stacks and composite images.
Neuron simulations
The NEURON simulation environment (Hines and Carnevale, 1997 ) was used to model MLIs and their axonal synaptic inputs. Values for the biophysical parameters included in the model were taken from previously validated models (Pouzat and Marty, 1999; Mejia-Gervacio et al., 2007) . The model comprised two connected, cylindrical compartments: one corresponding to the soma and dendrites (10-µm length × 10-µm diameter), and the other one to the axon (200-µm length × 0.5-µm diameter). The parameters used for the NEURON model are listed next. Somatodendritic compartment: cytoplasmic resistivity, Ra = 35.4 Ω/cm; Cm = 1 µF/cm 2 ; g_pas = 2 × 10 5 S/cm 2 ; e_pas = 70 mV; axonal compartment: Ra = 100 Ω/cm; membrane capacitance: Cm = 1 µF/cm 2 ; total passive conductance: g_pas = 2 × 10 5 S/cm 2 ; total passive conductance reversal potential: e_pas = 70 mV; voltage-dependent sodium conductance density: gNabar_hh = 0.05 S/cm 2 ; voltage-dependent potassium conductance density: gKbar = 0.4 S/cm 2 ; sodium reversal potential: eNa = 50 mV; potassium reversal potential: eK = 75 mV; synaptic input: alpha synapse; tau = 3 ms; synaptic conductance was left as a free variable to estimate its value. Axonal synaptic inputs at different positions were simulated to observe the impact of axonal filtering on the amplitude of synaptic currents recorded from the soma. The procedure was iteratively repeated over a range of synaptic conductance values. and photolyzed DM-nitrophen (see Trigo et al., 2012) . Photolysis of DM-nitrophen induces a fast and homogeneous calcium transient in the presynaptic varicosity and, subsequently, a fast postsynaptic current ( Fig. 1 B, bottom) that can be blocked by GABA A Rs antagonists (not depicted). As predicted from previous work (Pouzat and Marty, 1999; Trigo et al., 2010) , concomitantly to the postsynaptic current we recorded a presynaptic current that has a smaller amplitude and a longer rise time (Fig. 1, B , top, and C), very similar to the spontaneous axonal miniature synaptic currents (preminis) described previously (Trigo et al., 2010) . It is unlikely that the evoked currents represent spillover of GABA because previous EM experiments have shown that presynaptic GABA A Rs are located in the synapse (Trigo et al., 2010) . In the pair shown in Fig. 1 (A and B) , the latency to the beginning of the presynaptic current is virtually the same as the latency to the postsynaptic current (1.6 ms). The pre-and postsynaptic average latencies in the four recorded pairs are shown in The next series of experiments was designed to characterize the autoR-mediated synaptic events. To do this, difficult. To separate pre-from postsynaptic mechanisms, we combined electrophysiological recordings with laser calcium photolysis in individual varicosities. Uncaging with a minimized laser spot allowed us to induce GABA release with a high spatial resolution and therefore to characterize the signals evoked from a single varicosity. We first designed experiments to assess the feasibility of using laser photolysis of Ca 2+ to record autoR-mediated single-site responses in MLIs. To do this, we recorded two putative connected MLIs with a high chloride IS. The IS of the presynaptic cell also contained the calcium cage DM-nitrophen and Alexa Fluor 594; the IS of the postsynaptic cell contained Alexa Fluor 488. The fluorescent dyes were included for neurite identification. Because of the advantageous morphology of juvenile MLIs, which display a planar orientation along the parasagittal plane, direct online inspection under the microscope a few minutes after break-in readily distinguishes dendrites, which are thick and short, from the axon, which is thinner and longer and can be followed up to a few hundred micrometers (Trigo et al., 2012) . When a putative synaptic contact (black arrowhead in Fig. 1 A, right) between the presynaptic axon (in green) and the postsynaptic dendrite (in magenta) was localized under LED excitation, we focused the 405-nm laser Open circles correspond to individual experiments, and closed circles correspond to the averages ± SD. Average ± SD values are: pre-and postsynaptic latencies: 1.6 ± 0.4 and 1.6 ± 0.2 ms, respectively; pre-and postsynaptic  rise : 2.8 ± 1.7 and 0.8 ± 0.2 ms, respectively (n = 3 for the presynaptic measurements caused by the difficulties in measuring the  rise in one of the recordings); and pre-and postsynaptic amplitudes: 24 ± 7.7 and 118.5 ± 111 pA, respectively.
ASCs (autoR-mediated synaptic currents) because, contrary to preminis, they mainly involve multi-vesicular release. In the cell shown in Fig. 2 A, photolysis was repeated seven times in the same varicosity, located at 54 µm from the center of the soma; the average amplitude of the responses was 26 ± 1 pA; its  rise was 3.1 ± 0.9 ms, its  decay was 76.0 ± 3.4 ms, and the average latency from the laser pulse was 1.06 ± 0.23 ms. When inspecting the expanded traces, it can be observed that some of the events show multiple peaks (black circles in Fig. 2 , B and G); these correspond to multiple vesicular release events, as was already described when the same approach was used to study postsynaptic currents in MLI pairs (Trigo et al., 2012) .
The addition of the specific GABA A R antagonist SR 95531 (Gbz) to the bath reversibly blocked the laserevoked ASCs ( we only recorded from the presynaptic cell. As in the previous set of experiments, somatic whole-cell recordings were performed with an intracellular solution containing Alexa Fluor 488, the Ca 2+ cage DM-nitrophen, and high [Cl  ] i to maximize the driving force for GABA A receptors (E GABA = 3 mV). Fig. 2 A shows the somatodendritic compartment and the proximal part of the axon of an Alexa Fluor-filled MLI. Scattered along the axon, it is possible to observe many elongated bright spots, or varicosities ( Fig. 2 A, inset; see also Fig. 3 C) , that correspond to GABA release sites (Llano et al., 1997; Forti et al., 2000; Rowan et al., 2014; Trigo et al., 2012) . As in the paired experiment of Fig. 1 , when the minimized laser spot ( = 405 nm) was focused onto such an axonal varicosity, photolysis of caged Ca 2+ with 100-µs pulses evoked inward currents, as recorded from the soma of the cell (Fig. 2 B; black traces are individual sweeps, and the gray trace is the average). Again, these inward currents closely resembled preminis; here, we call them (B) The top part of the panel corresponds to a drawing of the cell; the somatodendritic compartment is shown in magenta, and the axonal compartment is in green. The stimulated site is indicated with the arrowhead. Somatic whole-cell recordings of the laser-evoked ASCs recorded when the varicosity shown in A (inset) was stimulated. Black traces are individual sweeps; the gray trace is the average. Black dots in B and G indicate probable multi-vesicular release events. (C) The specific GABA A R antagonist, Gbz, completely blocked the laser-evoked ASCs. Representative traces of laser-evoked ASCs in control condition, during Gbz, and after 5-min wash. (D) Summary plot of the effect of Gbz (control: 27 ± 2 pA; Gbz: 1 pA ± 1 pA; after wash: 18 ± 8 pA; oneway ANOVA; **, P < 0.01; n = 4 sites). (E) Voltage dependence of ASCs is consistent with GABA A R-mediated currents. Representative traces of ASCs evoked at different holding potentials. (F) The extrapolated ASC reversal potential is not different from the E GABA predicted by the Goldman-Hodgkin-Katz equation. Continuous line, linear fit. Circles represent mean ± SEM. The extrapolated reversal potential is 2 ± 2 mV. (G) Block of Na v channels failed to affect laser-evoked ASCs. Representative traces of laser-evoked ASCs in control condition, during TTX, and after 5-min wash. (H) Summary plot of the effect of TTX on laser-evoked ASCs (control: 39 ± 9; in 1 µM TTX: 36 ± 8 pA; after wash: 44 ± 14 pA; one-way ANOVA; P > 0.05, n = 7 sites). In D and H, the black circles represent mean ± SEM for each condition, and gray dots represent the average amplitude of events evoked in individual release sites. In B, C, E, and G, arrows represent timing of the laser pulse.
further study the identity of the laser-evoked conductance, we estimated the reversal potential of the ASCs by measuring the responses at different holding potentials (Fig. 2, E and F) . The resulting reversal potential (2 ± 2 mV; n = 5 sites), calculated by extrapolation of the linear fit to the data points, was not different from the E GABA estimated by the Goldman-Hodgkin-Katz equation (E GABA = 3 mV). The conductances estimated from the slopes of ASC I-V curves ranged from 0.6 to 2.8 nS per synapse (1.14 ± 0.42; mean ± SEM). To eliminate the influence of other neurons releasing GABA onto the patched cell, we recorded the laser-evoked ASCs in the presence of the voltage-dependent Na + channel (Na v ) blocker, TTX. To monitor the time course of TTX action, we evoked somatic Na v currents with depolarizing steps before, during, and after application of the drug (not depicted). Bath application of TTX failed to produce any significant change in the amplitude of the laser-evoked ASCs (Fig. 2 G for representative traces and Fig. 2 H for summarized data). Finally, consistent with a specific localization of the neurotransmitter release machinery in presynaptic specializations, caged-Ca 2+ photolysis in dendritic postsynaptic varicosities failed to produce any current (not depicted). Collectively, the experiments presented so far show that the calcium photolysis approach can be used to evoke autoR-mediated responses in presynaptic varicosities of MLIs. This is extremely relevant for the study of the physiology of GABA A autoRs. Because photolysis of caged Ca 2+ induces vesicular GABA release, the method produces a more realistic activation of the receptors in terms of concentration and time course of the agonist in the synaptic cleft compared with other agonist application methods (iontophoresis, puff application).
Local caged-Ca 2+ photolysis evokes ASCs with single release-site resolution
To estimate the spatial resolution of the system, we first measured the point-spread function of the laser spot (see Materials and methods). Fig. 3 shows the distribution of the light intensity near the focus, both in the horizontal (A) and axial (B) coordinates; the 1/e 2 values, taken from the fits of the experimental data points with Gaussian functions (Fig. 3, A and B, bottom), were 1.4 µm for the lateral resolution and 7.2 µm for the axial resolution. This indicates that the distribution of light intensity, above 1/e 2 of the maximal intensity, occupies a volume that is close to the size of a single varicosity (Pulido et al., 2015) .
Brain tissue will significantly scatter the 405-nm light used here for photolysis (Trigo et al., 2009a) , making the actual point-spread function in the slice wider than the one measured in the preceding paragraph. To functionally test the spatial resolution, we performed a series of experiments in which the laser was sequentially Laser-evoked ASCs are heterogeneous across release sites (Auger and Marty, 1997; Nusser et al., 1997) . The amplitudes in individual varicosities could be described by a Gaussian distribution, and the average coefficient of variation estimated from individual sites was significantly smaller than the coefficient of variation calculated from the amplitudes corresponding to all the stimulated varicosities (CV ind : 0.16 ± 0.02; n = 41 varicosities; CV all = 0.55; n = 64 pointed to the center of a varicosity and to nearby positions. An example is shown in Fig. 3 (C and D) . Focusing the laser on the center of the varicosity produced ASCs, whereas illumination of nearby positions, either within or outside the axon, failed to produce any detectable response (numbered arrows in Fig. 3 C; inset indicates the positions of the laser spot during each sweep; the corresponding traces are shown in D). Increasing the distance to the center of the varicosity produced the loss of the response without any gradual decrease, consistent with the evoked ASCs originating from single release sites (Fig. 3 E) . To estimate the resolution of the method to evoke ASCs, we measured the half-width of the Gaussian fit performed on the amplitude versus distance plot, giving 2.18 ± 0.28 µm (n = 7 sites, 5 cells; Fig. 3 E) . This, together with immunostaining results presented below, showing a mean distance between varicosities of 6.1 ± 5.8 µm (Fig. 5 F) , indicates that the laser-photolysis approach presented here allows us to evoke synaptic GABA release from individual varicosities. This puts us in the position to study the impact of single site-mediated axonal synaptic events on the activity of MLIs. postsynaptic varicosities have a similar number of GABA A Rs (see Discussion).
GABA release sites are heterogeneously distributed along the axon
Axonal anatomy (length, number of branching points, etc.) as well as the number and distribution of GABA release sites are critical parameters that define the impact of GABA A autoR activation on the activity of MLIs. Previous studies estimated the density of GABA release sites in MLIs either by quantifying axonal varicosities in neurobiotin-filled cells (Pouzat and Hestrin, 1997) or by recording Ca 2+ "hot spots" with two-photon microscopy (Forti et al., 2000) . However, information about their spatial distribution in the axon is still lacking.
To quantify GABA release sites in individual cells, we filled MLIs with Alexa Fluor 488 (Fig. 5 A) and immunolabeled presynaptic GABAergic specializations using antibodies against VGAT (Fig. 5 B) . We used Vaa3D software (Peng et al., 2010) to make 3-D reconstructions of MLIs based on Alexa Fluor 488 staining and measured VGAT-labeling intensity within the reconstructed cells. As shown in Figs. 1-3 , the morphology of young MLI axons is relatively simple: it comprises a main branch and secondary collaterals that, in general, emerge perpendicularly. We performed immunofluorescence labeling and morphological measurements in seven MLIs. The mean main branch length of the reconstructed axons was 211.7 ± 54.9 µm and, on average, each axon had 16 ± 5 collaterals. In some cases, tertiary collaterals were found, but these were not taken into consideration because of their small number and size. The intensity profile of VGAT staining along the axon of reconstructed MLIs showed a dense labeling in the somatic region, followed by segments where basal fluorescence was interrupted by peaks of high intensity that correspond to GABA release sites (Fig. 5 D) , usually located in axonal varicosities (observed as enlargements of the axonal diameter and as peaks in the Alexa Fluor intensity; Fig. 5 D, right) . VGAT spots inside the reconstructed MLIs were clearly identified by colocalization with Alexa Fluor, as shown in Fig. 5 C (note colocalization both in XY and XZ projections). Fig. 5 E shows the number of release sites along the whole axonal branch. Release sites were found all along the reconstructed axons, although their distribution was not homogeneous. The portion of the axon with the highest concentration of release sites was the second quarter (mean number of release sites, 12.4 ± 5.2; n = 7 MLIs; Fig. 5 E) . The average total number of GABA release sites was 68 ± 28 sites/axon, and the mean distance between sites was 6.1 ± 5.8 µm (Fig. 5 F) . The portion of the axon with the highest number of branches was also the second quarter (mean number of branches, 8.2 ± 3.7; n = 7 MLIs; Fig. 5 G) ; the length of the branches was short (mean, 24.1 ± 18.8 µm; median, 19.4 µm; Fig. 5 H) . Given sites; P < 0.0001). As an example, in the cell shown in Fig. 2 , the amplitude CV of the seven laser-evoked currents was as low as 0.11. Collectively, these results suggest the existence of heterogeneities among the different release sites within a cell and between cells.
Single-site ASCs are generated in the axon and recorded in the soma. On their way to the somatic compartment, the propagating currents are affected in amplitude and time course by the axonal membrane-passive properties (e.g., axonal diameter, membrane resistance, and axial resistance; Rall, 1967) . To directly assess the degree of filtering of ASCs by the axon and obtain a quantitative estimation of it, we evoked GABA release using laser photolysis of caged Ca 2+ in individual varicosities at varying distances from the soma. ASC amplitudes followed an exponential relationship with the distance between the release site and the soma, as expected for a passive filter (black line in Fig. 4 D) . The distance at which the amplitudes decreased to 37% of the backextrapolated somatic amplitude (D 37 ) was 56 ± 9 µm (n = 64 sites; Fig. 4 D) . Furthermore, consistent with Rall's passive filtering theory, we found a negative correlation between ASC amplitude and  rise (P < 0.01; Pearson's coefficient: 0.56; n = 23 sites; Fig. 4 E) , and no correlation between  decay and  rise (P > 0.05; Pearson's coefficient: 0.02; n = 23 sites; Fig. 4 F) .
To estimate the average autoR conductance corresponding to a single release site, we simulated autoRmediated synaptic inputs in MLIs using the NEURON platform (Hines and Carnevale, 1997) . Model MLIs consisted of two parts: the somatodendritic compartment, modeled as a small cylinder with passive conductances (diameter, 10 µm; length, 10 µm), and the axon, modeled as a thin and long cylinder with both passive and active conductances (diameter, 0.5 µm; length, 200 µm). The parameters for the simulations were taken from previously validated models (see Materials and methods). Previous work has shown that in MLIs, both somatodendritic and axonal GABA A Rs contain the low affinity, fast kinetics-conferring 1 subunit (Stell et al., 2007; Trigo et al., 2007) ; therefore, we modeled the decay kinetics of axonal GABA A Rs based on the kinetics of somatodendritic receptors. Simulated ASCs faithfully reproduced the filtering shown in Fig. 4 D. To estimate the mean autoR conductance, we repeated iteratively the simulation using different autoR conductance values (continuous gray lines in Fig. 4 D) and compared the goodness of fit to the experimental data (open circles in Fig. 4 D) . The conductance value that best described the experimental data was 3 nS, although the observed amplitudes fell within a wide range of conductances (1-5 nS), reflecting a high degree of variability between sites. These results indicate that ASC conductance values are surprisingly similar to the values that have been estimated before for dendritic GABAergic responses, suggesting that pre-and somatodendritic synaptic inputs. We explore this possibility in detail below.
Impact of ASCs on membrane potential
In young MLIs, E GABA is more depolarized than in other cerebellar cell types and is highly variable as a result of heterogeneity in [Cl  ] i (estimated to be 15 mM on average; Chavas and Marty, 2003) . Here, we examine the changes in the neuronal membrane potential produced by the activation of GABA A autoRs in physiological conditions. For this purpose, we recorded the cells in current clamp with a physiological intracellular solution containing 15 mM Cl  and evoked local GABA release using caged-Ca 2+ photolysis. As mentioned before, in MLIs subthreshold somatodendritic depolarizations are transmitted to presynaptic terminals and induce an increase in the frequency of spontaneous axonal events or that the density of sites was independent of branch location (not depicted), the concentration of VGAT spots in the second quarter can be explained by the higher number of collateral branches in this region of the axon. These results constitute the first anatomical description of the distribution of GABA release sites in juvenile MLI axons. Collectively, they show that in young MLIs, the axonal morphology is simple, comprising a single, main axonal branch with almost exclusively second-order collaterals.
So far, we have estimated some physiological and morphological properties of young MLI axons and their GABAergic release sites. The estimated autoR synaptic conductance, the degree of filtering, and the distribution of release sites all suggest that, in physiological conditions, the voltage signals generated in single axonal varicosities can backpropagate and sum with ) . In E and G, the gray dots represent individual cells, and the black dots show mean ± SD; n = 7 reconstructed MLIs (*, P < 0.05; **, P < 0.01).
constant of 47 ms. Averaged traces revealed clear depolarizing responses with a mean amplitude among all the sites of 3.4 ± 0.4 mV (ranging from 1.2 to 6.4 mV), mean  rise of 9.2 ± 1.0 ms, and mean  decay of 92 ± 16 ms (21 sites; 17 cells; holding potential was between 67 and 76 mV). As expected for filtered signals, the ASP amplitude decreased as a function of the distance between the stimulated release site and the soma. Representative traces of ASPs evoked at 36, 45, 54, and 87 µm from the soma are shown in Fig. 6 B. A fit of the amplitudes plotted as a function of the distance between the release site and the soma with an exponential function gave a D 37 value of 91 ± 66 µm (n = 21 sites; Fig. 6 C) . Extrapolation of the ASP amplitude versus distance plot predicts preminis (Trigo et al., 2010) , all in an AP-independent manner. To study the impact of evoked, single-site responses and avoid any possible contribution of spontaneous events, membrane potential was kept near 70 mV by injection of negative current (30 ± 4 pA; n = 12 cells). In these conditions, local caged-Ca 2+ photolysis in the axon produced subthreshold depolarizing responses (Fig. 6 A; black traces are individual sweeps, and the gray trace is the average); we called the laser-evoked responses "autoR-mediated synaptic potentials" (ASPs), in analogy to the ASCs. ASP amplitudes were relatively big, and their timing clearly indicated the pairing with the laser pulse. The depolarizations shown in Fig. 6 A had an average amplitude of 5.0 mV and a decay time correlation between  decay and  rise (Fig. 6 E) . These results show for the first time that, in physiological conditions, axonal depolarizations from individual release sites can backpropagate and produce substantial somatic depolarizations. nonfiltered (in situ) local amplitudes of 6 mV. Interestingly, contrary to predictions for a passive filter (Rall, 1967) and to the results obtained in voltage clamp (Fig. 4 E) , there was no significant negative correlation between the ASP amplitude and  rise (Fig. 6 D) , and no Example of an MLI where GABA was photolyzed from DPNI-GABA (1 ms, 2-mW pulses) in four different axonal locations. Traces are averages from four to five sweeps, with amplitudes 5.5, 4.0, 1.7, and 0.6 mV; Vm values 70.8, 70.7, 67, and 72 mV (average values during 100 ms before the laser pulse); and distances to the soma 28.9, 41, 48, and 90 µm, respectively. Gray dotted line indicates timing of the laser pulse. (D) Somatic whole-cell recordings in current-clamp mode of the responses to current injection without (left) and with (right) prepulses of caged-GABA photolysis in the axon (50-ms interval between photolysis pulse and current injection). It can be observed that P spike increases dramatically with the GABA prepulse. (E) P spike in control (Ctrl) and with caged-GABA prepulses (GABA) for different time intervals between the laser pulse and the current injection: 50, 100, 200, and 300 ms; **, P < 0.01; ***, P < 0.001. (F) The increase of P spike produced by the photolysis of caged GABA was plotted as a function of the interval between the laser and the current-injection pulses. The excitability increase has a very similar time course when compared with the decay of the GABA-induced depolarizations. Gray circles are the values from individual cells; black symbols and error bars represent mean ± SEM for each time interval. The cells were held near 70 mV. the caged compound DPNI-GABA (1 ms; 2-mW pulses) on axonal varicosities evoked responses with characteristics similar to the DM-nitrophen-Ca 2+ -evoked responses. As shown in Fig. 7 C, the amplitudes of the DPNI-GABA-evoked responses showed the same distance dependence to the soma. The amplitudes were slightly but significantly larger than those evoked by intracellular caged-Ca 2+ photolysis (GABA, 4.6 ± 0.5 mV; Ca 2+ , 3.3 ± 0.5 mV; P < 0.05; n = 9-24 cells; [Cl  ] i = 15 mM); this difference can be explained by the slightly larger volume over which GABA spreads when it is photoreleased (Trigo et al., 2009b ) compared with synaptic release, and also to the larger photolysis volume (DM-nitrophen is intracellular, whereas DPNI-GABA is extracellular). To mimic somatodendritic synaptic inputs, we used current injection pulses that were adjusted to bring Vm close to spike threshold (injected current, 13-55 pA; duration, 20 ms), setting a low P spike probability. P spike was calculated from 10 sweeps in each condition: control (without GABA photolysis) and with GABA photolysis at four different time intervals between the laser pulse and the current injection (50, 100, 200, and 300 ms) . Fig. 7 D shows an example: the left traces represent the depolarization induced by the current injection alone, and the right traces represent the depolarizations induced when the current injection pulse was preceded (50 ms) by a GABA photolysis pulse in the axon. Paired analysis of P spike in control and after GABA uncaging revealed that local GABA prepulses applied in axonal varicosities increased excitability at all time intervals (Fig. 7, E and F) . The time course of the facilitating effect on cellular excitability is very similar to the time course of the axonal membrane potential changes, indicating that the increase in the excitability is directly dependent on depolarization.
Collectively, these results demonstrate that although the activation of presynaptic varicosities produces small somatic voltage changes, the end effect on cell excitability can be strong and turn subthreshold signals originating in the somatodendritic compartment into suprathreshold events.
Activation of autoRs increases MLI excitability
In the previous section, we showed that local voltage changes that arise locally in the axon by the activation of GABA A autoRs in single varicosities backpropagate to the soma. Our immunolabeling results show that a significant number of varicosities are localized close to the soma and may therefore influence the membrane potential (Vm) in the axon initial segment (AIS) substantially. This, together with the fact that MLIs have a high input resistance (Midtgaard, 1992; Llano and Gerschenfeld, 1993) , made us hypothesize that single axonal synaptic events, although filtered, may strongly influence neuronal firing (as was shown previously for somatodendritic glutamatergic events; Carter and Regehr, 2002) . A first indication that this is indeed the case appeared when performing the experiments in Fig. 6 . As mentioned above, although most of the stimulated release sites produced subthreshold responses (16 out of 17 sites; Fig. 7 A, left), in one exceptional cell, DM-nitrophen photolysis lead to direct AP firing (Fig. 7 A, right; we quantified this excitability change as the probability of observing an AP during 100 ms after the laser stimulation: P spike ). Chavas and Marty, 2003) . In these conditions, 31% (4 out of 13) of the stimulated sites had P spike > 0, with values ranging from 0.2 to 0.308 (mean P spike = 0.265; n = 13 sites, 13 cells; 3-12 laser stimulations per site; Fig. 7 B) .
MLIs receive GABAergic synaptic inputs from other interneurons and glutamatergic synaptic inputs from granule cells. To study the interaction between somatodendritic synaptic inputs and axonal, GABAergic synaptic inputs on MLI excitability, we performed a series of experiments where we applied depolarizing current pulses with and without previous local GABA photorelease pulses. Caged-GABA was preferred to caged-Ca 2+ photolysis because it allowed us to perform numerous repetitions with no evidence of photodamage (see Materials and methods). Photolysis of caged GABA from Figure 8 . AutoR-mediated responses are amplified by activation of Na v channels. (A) Representative traces of average laser-evoked ASPs in control (black) and in TTX (gray; 400 nM). Summary plot of TTX effect on (B) ASP amplitude (control: 3.1 ± 1 mV; TTX: 1.9 ± 1 mV; paired t test, **, P < 0.01; n = 7 sites), (C)  Rise (control: 13 ± 4 ms; TTX: 9 ± 4 ms; paired t test, **, P < 0.01; n = 7 sites), and (D)  Decay (control: 145 ± 88 ms; TTX: 75 ± 48 ms; paired t test, *, P < 0.05; n = 7 sites). Black dots represent mean ± SEM. and the estimation done by electron microscopy with immunogold labeling of the 1 subunit of GABA A Rs in the MLI to Purkinje cell synapse (Trigo et al., 2010) . It needs to be noted, however, that the autoR conductance estimates come from measurements of the amplitudes of ASCs that are mainly multi-vesicular (compared with dendritic miniature events, mainly uni-vesicular). Therefore, the estimate of the number of GABA A Rs in presynaptic varicosities should be considered an upper value. In summary, our results show that, in MLIs, presynaptic varicosities and postsynaptic densities have a similar number of GABA A Rs. This is a striking result; indeed, the presynaptic signal delivered by the activation of GABA A autoRs in a single varicosity is almost as large as the postsynaptic signal.
It has been shown previously that there is a positive correlation between the size of the active zone and that of the postsynaptic density (Schikorski and Stevens, 1997; Harris and Stevens, 1988) ; likewise, the size of the postsynaptic density determines the quantal size: a larger postsynaptic area allows a higher number of receptors (Auger and Marty, 1997; Nusser et al., 1997) . Moreover, our recent evidence suggests that the size of the active zone is positively correlated with the RRP in presynaptic specializations (Trigo et al., 2012; Pulido et al., 2015) . The variability observed on the amplitude of ASCs is probably caused by differences in the overall morphology of the synapses: bigger synapses have a larger active zone, a larger RRP, and a higher number of receptors. Even though in current clamp the voltage changes are presumably shunted by the activation of the autoRs and the subsequent activation of the Na v conductance, the amplification produced by the latter seems to prevail and prolongs D 37 . At the same time, the axonal space constant () estimated by computational simulation was 434 µm (not depicted), consistent with previous estimates (Pouzat and Marty, 1999; Mejia-Gervacio et al., 2007) . The difference between these two values may be caused by: (a) the shunting effect produced by the activation of the autoRs and the Na v channels and (b) the low-pass filtering effect of the axonal membrane, which affects fast synaptic signals, whereas the spatial constant AutoR-mediated responses are amplified by Na v conductances Some of the results obtained so far suggest that the autoR-mediated depolarizations are not exclusively passive, but involve an active mechanism: first, the finding that ASPs are capable of triggering APs; second, the lack of negative correlation between  rise and ASP amplitude ( Fig. 6 D) ; third, the fact that  decay of ASPs is systematically longer than 32 ms, the membrane time constant that has been calculated for MLIs (Mejia-Gervacio et al., 2007) ; and last, the longer D 37 in current clamp (Fig. 6 C) compared with the one in voltage clamp (Fig. 3 D) . To test the hypothesis that autoR-mediated responses also involve the activation of an active mechanism, most likely Na v conductances, we performed calcium photolysis experiments, both in control and in the presence of TTX. As can be seen in Fig. 8 (Fig. 8, A and B) . Furthermore, TTX accelerated the kinetics of the responses, reducing  rise (Fig. 8 C) and  decay (Fig. 8 D) . Collectively, these results show that GABA A autoR-mediated, single-site depolarizations are amplified by the activation of a Na v conductance; this amplification mechanism is a unique feature of the axonal compartment of interneurons.
D I S C U S S I O N
Our results show that in cerebellar MLIs, activation of single axonal varicosities by release of GABA from a single synapse can alter interneuron excitability. This effect depends on a combination of factors: high autoR conductance value, proximity of axonal varicosities to the somatic compartment, simple axonal geometry, high membrane resistance, and interaction of the autoR conductance with an active sodium conductance. We conclude that individual ASCs carry a strong feedback signal that can have a profound impact on MLI activity. (Fig. 4 D) predicts a nonfiltered (in situ) amplitude of 100 pA. In equivalent experimental conditions, Llano and Gerschenfeld (1993) reported somatodendritic GABAergic postsynaptic currents ranging between 61 and 226 pA. Assuming a singlechannel conductance of 30 pS for GABA A Rs (Bormann et al., 1987) , and considering the range of values found for the autoR conductances (1-5 nS), we estimate that each presynaptic varicosity is endowed with 33-167 channels. This is similar to the estimates of Auger and Marty (1997) and Nusser et al. (1997) for the number of GABA A Rs in postsynaptic densities in the same synapse (9-102 and 6-380 channels/synapse, respectively) VGAT immunolabeling revealed a concentration of GABA release sites in the proximal part of the axon, close to the AIS; more specifically, 30% of the synapses are separated from the soma by a distance shorter than that representing the 1/e decay of autoR-mediated signals (91 µm) and therefore can modify the membrane potential in the AIS (the spike initiation site). Thus, even if the single-site activation of axonal GABA A Rs does not induce direct cell firing, ASPs can interact with somatodendritic synaptic events and modulate firing activity. This is supported by our experiments in Fig. 7 . When extracellular GABA photolysis (to mimic the activation of axonal GABA A Rs) is combined with somatic current injection pulses (to mimic glutamatergic somatodendritic synaptic inputs), the excitability of the cell changes dramatically. Because the potential change has a slow decay, this excitability change lingers for a rather long interval (up to 300 ms) between the current injection and the photolysis pulses. Collectively, these data indicate that the axon of MLIs operates as an integration compartment and support the notion that local signals arising primarily in the axon can be transmitted antidromically and influence neuronal excitability, as was proposed previously (Paradiso and Wu, 2009; Pugh and Jahr, 2013) .
Because the source of GABA driving the activation of autoRs is the MLIs itself, ASCs constitute a feedback mechanism that may be used to control interneuron excitability. This mechanism shares the same signaling molecules as classical pre-to postsynaptic neurotransmission and thus provides the system with two distinctive features: high temporal precision, on the time scale of synaptic transmission, and target selectivity, caused by the constraints that the synapse imposes to diffusion of the neurotransmitter. The physiological effect of autoR activation (excitation, shunt, inhibition) depends on the relationship between E GABA (estimated for somatodendritic events as 58 mV; Chavas and Marty, 2003; see below) and Vm at the time of vesicle fusion, which changes continuously according to the cell's activity. At hyperpolarized potentials, as those used in this study, very few fusion events will occur and very few varicosities will be activated (Trigo et al., 2010) . If one such varicosities is activated, it will produce a depolarization, increasing the excitability of the cell and facilitating transmitter release. At depolarized potentials, many varicosities will be activated simultaneously, hyperpolarizing and/or shunting the axon. In this scenario, autoRs may be acting as a buffer for the spiking activity in the axon.
Besides their effects on cellular excitability, autoRs can alter locally the release properties of the releasing varicosity as well as of its neighbors. If we consider the estimated in situ membrane potential change of 6 mV, Vm will change by around 2 mV at the 1/e action range (91 µm) of a single release site. The average inter-site distance is 6 µm (Fig. 5 F) , so that within the estimated is defined for the steady state. In summary, considering that the average length of MLI axons at this age is around 200 µm, our results indicate that in spite of passive filtering, autoR-mediated synaptic signals propagate over a substantial part of the axonal compartment.
Interaction between autoR responses and Na v channels AutoR responses were partially blocked by the addition of TTX to the bath, indicating that the responses in control condition are enhanced by voltage-dependent Na + channels. This is consistent with the presence of a prominent, persistent Na v conductance in these cells (Mann-Metzer and Yarom, 2002) . This conductance type is characterized by its hyperpolarized activation threshold, which makes MLI axons particularly reactive to subthreshold depolarizations. Huang and Trussell (2008) reported an activation threshold of 85 mV and a V half of 55 mV for the persistent Na v current in the Calyx of Held; a similar result was found by Carter et al. (2012) . If we consider that E GABA = 58 mV (estimated with the [Cl  ] i used), this value falls within the voltage range where GABA A Rs can be depolarizing. Thus, even if the driving force for axonal GABA A Rs is relatively small, the synergy with persistent Na v channels can enhance depolarizations. In that sense, Carter et al. (2012) found that depolarizations as small as 1 mV in dendrites are enough to engage the Na + current. In brainstem, hippocampal and cortical neuron E GABA is more depolarized in the axon than in the soma or dendrites (Price and Trussell, 2006; Khirug et al., 2008) , suggesting that in MLIs, the reversal potential for autoR-mediated responses could be even more depolarized than the above value. The activation of the Na v conductance and the subsequent amplification effect contrast with the purely passive behavior of MLI dendrites (Abrahamsson et al., 2012) and highlight the importance of studying the integrative properties of axons.
Possible physiological role
The activation of axonal autoRs can have global and local effects. Concerning global effects, it was shown before that the simultaneous activation of the GABA A autoRs from many release sites by the AP-evoked release of GABA increases firing probability (Mejia-Gervacio and Marty, 2006) . We show here that in conditions of physiological intracellular chloride (15 mM), the release of GABA from a single varicosity produces local voltage changes that are transmitted antidromically and alter the somatic Vm. Together with subthreshold somatodendritic depolarizations, ASPs lead to a drastic increase in P spike that very often leads to AP firing. These results are not surprising considering that MLIs are small, electrically compact cells with high input resistances (>1 GΩ; Llano and Gerschenfeld, 1993) , where single synaptic inputs can shape cell firing (Carter and Regehr, 2002) .
